Introduction
Polymeric materials such as plastic and rubber are extremely important materials in the contemporary world. However, these materials gradually deteriorate under the influence of external factors such as light, heat, and oxygen, which mainly cause autoxidation as a radical chain reaction. Control of this autoxidation mainly depends on methods to stop the chain reaction or to scavenge chain carriers.
In general, phenols are used as antioxidants for stabilizing many polymeric products and petroleum 1) , because of their effective scavenging of peroxy radicals responsible for polymer deterioration. Scheme 1 shows a general autoxidation mechanism in the presence of phenolic antioxidants. The radical (R・) generated in the initiation step of the deterioration promptly reacts with oxygen to form a peroxy radical, which abstracts a hydrogen atom from the substrates to form a hydroperoxide and R・. This sequence forms the chain reaction. Antioxidant AH can react with peroxy radicals faster than substrate RH, resulting in interruption of the chain reaction. In this mechanism, the oxygen uptake rate can be represented by Eq. (1) , in which n is the number of radicals scavenged by a phenolic moirty, and kinh is the radical scavenging rate constant. Larger n and/or kinh values will indicate better antioxidant properties.
Most antioxidants generally show some interactions in combined use. Phenolic antioxidants are reported to interact with many other types of antioxidants, but the interactions between different types of phenols remain unclear. The synergism of two phenols has been reported 2), 3) , but the details are unknown. However, if Combinations of two types of phenolic antioxidants were examined to assess synergistic or antagonistic interaction from both radical scavenging rate constant (kinh) and radical scavenging number (n). The synergism of two types of phenols was observed especially with comparatively lower and similar oxidation potentials. In synergism of kinh, a phenol with lower oxidation potential simply acts as a peroxy radical scavenger, whereas the other phenol with higher oxidation potential acts as a hydrogen donor in the regeneration of the former phenol from its phenoxy radical. On the other hand, synergism of n is seen for less or non-hindered phenols, especially with 4-methoxy substituent, and is controlled by the reaction conditions, such as solvent polarity. This is interpreted as a molecular association of phenols formed through hydrogen bonds and hydrophilic interactions, resulting in obstruction of coupling of the phenoxy radicals. As a result, 3,5-di-t-butyl-4-hydroxy-toluene (BHT) and 2-t-butyl-4-methoxyphenol (3 : 2 by mole ratio), and BHT and 4-methoxyphenol (3 : 2 by mole ratio) were estimated to show total synergism of 1.41 and 1.35 times, respectively, compared with the simple sum of the antioxidant activities in a hydrophobic system, such as chlorobenzene. These results are important for reduction of costs as well as environmental pollution by allowing decreased use of phenols.
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Ri the rate of initiation step n the number of peroxy radicals scavenged by a phenol kinh the rate constant of peroxy radical scavenging step by a phenol Scheme 1 Autoxidation in the Presence of Phenolic Antioxidant the required amounts of phenols can be reduced by such synergism, both costs and environmental pollution can be reduced. The present study investigated the interaction of two types of phenolic antioxidants to try to identify cheap and environmentally friendly combinations of phenolic antioxidants.
Experimental

1. Phenolic Antioxidants
Seven types of phenolic antioxidants were purified by conventional methods, so that the melting point was within 0.5 of that reported for authentic samples: 3,5-di-t-butyl-4-hydroxyanisole (BHA), 2-t-butyl-4-methoxyphenol, 4-methoxyphenol, BHT, 2-t-butyl-4-methylphenol, 4-methylphenol, and 2-t-butylphenol.
Redox Potential
The redox potential of each phenol was measured under nitrogen atmosphere using cyclic voltammetry (CV) using a saturated calomel reference electrode (SCE), a Pt working electrode, and a Pt counter electrode. The measured solution contained 0.1 mol/dm 3 of tetra-butylammonium perchlorate as electrolyte and 10 -3 mol/dm 3 of phenol in acetonitrile.
3. Antioxidant Activity
The antioxidant activity of phenols was measured in chlorobenzene as follows: autoxidation of styrene (2 mol/dm 3 ) was carried out in the presence of phenolic antioxidant(s) using α,α'-azo-bis-isobutyronitrile (AIBN) (10 -2 mol/dm 3 ) as an initiator at 50 under oxygen. The reaction was followed by measuring the uptake of oxygen, and analyzed in terms of n and kinh as defined by Eq. (1). BHT was mainly used as the reference antioxidant. In addition, autoxidation was carried out using benzonitrile or acetophenone in place of chlorobenzene as solvent, to estimate the association of phenols in the solvent.
4. GC Measurement
The consumed amount of phenols was measured by a conventional gas chromatograph (GC) method using a 400-1HT column (Qudrex Corp.) to evaluate the interaction of two types of phenols.
Results and Discussion
1. Effect of Substituents on Characteristics of
Phenolic Antioxidants Table 1 shows the oxidation potentials and antioxidant characteristics of the seven phenols. The oxidation potentials are based on oxidation of the phenolic group, and apparently depend on the types and numbers of substituents. It increased with lower steric hindrance of the phenol group.
Electron donating substituents with higher electrophilic substituent constant (σ ) at the o-and p-positions enhance the activity of phenols, and a proposed mechanism for the hydrogen abstraction of a peroxy radical from a phenol is proposed as shown in Scheme 2 5) . The hydrogen abstraction starts with electron transfer from the oxygen atom of the hydroxyl group to a peroxy radical, and ends by elimination of the phenolic hydrogen as a proton. This mechanism suggests that a phenol with low oxidation potential, which is oxidized easily, can be expected to have high kinh as an excellent antioxidant. The mechanism might be correct under certain conditions, but Table 1 parenthesis of Scheme 2. Therefore, such a chemical structure should govern the reaction of Scheme 2 and result in high kinh for the phenol. In fact, phenols show a higher kinh in the order of no o-one o-two osubstituent(s). Therefore, the activity of a phenol is likely controlled by the o-substituent rather than the oxidation potential. Figure 1 shows the relationship between kinh and n of the seven phenols. 4-Methyl-phenols showed some relationship between higher kinh and lower n. A similar relationship is also observed for commercialized phenols 6) . This phenomenon can be explained by the idea that a phenol with no or few o-substituent(s) easily reacts with the peroxy radical due to the ease of access to the phenolic hydroxyl group, but the resulting phenoxy radical also couples easily with another phenoxy radical in place of scavenging another peroxy radical to decrease the n value (see , Fig. 7) . On the other hand, 4-methoxy-phenols did not show such characteristics. Therefore, the n value of a phenol seems to be affected by the nature of the 4-substituent as well as the number of 2-(or 2,6)-substituent(s).
2. Interaction of Phenols
The combination of two types of phenols showed several modes of interactions. Figure 2 shows some interactions displaying synergism to antagonism, as indicated by the corresponding symbol marks. Figure 2 shows independence of the phenols as a broken line ('arithmetical mean'), whereas an observed interaction appears as a solid line: the interaction is called "synergism" for a solid line above a broken line and "antagonism" for a solid line below the broken line. The degree of "synergism" is assessed semi-quantitatively by the area between the broken and solid lines: the larger area is represented by a double circle. In Fig. 2 , the vertical axis shows the kinh or n value obtained experimentally, and the horizontal axis shows the mixed mole ratios of the two phenols.
The observed inter actions are arranged to form interaction maps (Figs. 3(a) and 3(b) ), in which the interaction modes of kinh and n values are plotted against the redox potentials of phenols. Comparison of the interaction modes of kinh with n shows that kinh has preferable synergism in a wider combination of phenols. In particular, strong synergism of kinh was observed for combinations of phenols with lower oxidation potentials, such as phenols with a methoxy group on the 4-position. In contrast, the combination of phenols with 4-methyl group and/or with a high difference of their redox potentials showed no interaction or antagonism. Figure 4 shows the representative synergism and antagonism profiles for kinh and n, respectively, to recognize how such phenomena are observed in the presence of two types of phenolic antioxidants. The left of the Fig. 4 shows strong synergism for kinh of a combination of 4-methoxyphenol and BHT, and the right of Fig. 4 shows strong antagonism of BHA and 2-t-butylphenol for n. The synergism was heavily biased toward the higher concentration of 4-methoxyphenol with higher kinh. In contrast, the antagonism of n was apparently controlled by 2-t-butylphenol, as observed over a wider concentration of 2-t-butylphenol with higher oxidation potential or lower n ( Table 1) .
These findings indicate that synergism of kinh occurs through combination of two phenols with comparatively lower oxidation potentials, and the synergism mode can be controlled by the preferential capture of peroxy radicals by a phenol with higher kinh, whereas the antagonism of n is caused by a phenol with higher oxidation potential and lower n. Figure 4 indicates that 4-methoxyphenol dominates the synergism of kinh in combination with BHT, implying that the methoxyphenol is the leading agent in the scavenging of peroxy radicals. To further clarify such synergism, the combination of 2-t-butyl-4-methoxyphenol and BHT was chosen and the consumed amounts of both phenols during autoxidation were followed quantitatively by a GC method (Fig. 5) . BHT and 2-t-butyl-4-methoxyphenol were first added in the mole ratio of 3 : 2, but the GC area ratios of both phenols did not correspond to the original mole ratio, probably due to the hydrogen-flame ionization detector (FID) of the GC or other factors. However, this variation does not affect observation of the consumption of the two phenols, because the GC detection sensitivity is independent of the compound concentration. As mentioned in Table 1 , 2-t-butyl-4-methoxyphenol with lower oxidation potential is likely to first scavenge peroxy radicals, but the concentration remained constant, as if BHT scavenged peroxy radicals faster (Fig. 5) . Considering this phenomenon similarly to the previous proposal 3) , BHT is presumably consumed to regenerate 2-t-butyl-4-methoxyphenol. The concentration of BHT gradually decreased and BHT was completely consumed after about 15 h. During this period, the concentration of 2-t-butyl-4-methoxyphenol remained constant due to the regeneration. After the consumption of BHT, the concentration of 2-t-butyl-4-methoxyphenol started to decrease and it completely disappeared after 21 h.
2. 1. Synergism for kinh
The synergism of kinh is illustrated in Fig. 6 . In the combination of 2-t-butyl-4-methoxyphenol and BHT, the former phenol first scavenges a peroxy radical to form the phenoxy radical, which is reduced to 2-t-butyl-4-methoxyphenol by hydrogen donation from BHT. As a result, the kinh value of the combined phenols shifts towards 2-t-butyl-p-methoxyphenol with higher kinh (see , Fig. 4) . Therefore, the mechanism of synergism is based on 2-t-butyl-4-methoxyphenol scavenging peroxy radicals, whereas BHT acts as a hydrogen donor to regenerate 2-t-butyl-4-methoxyphenol. The mechanism seems similar to that proposed 3) , but this study is concerned only with the kinh factor in relation with the 
2. 2. Synergism for n
In general, the n value is 1 if a phenoxy radical couples with another phenoxy radical, and 2 if a phenoxy radical scavenges another peroxy radical because two phenoxy radicals cannot couple due to steric hindrance (see , Fig. 7) . Therefore, the total n value of a combination of two types of phenols should be the simple sum of the n values of the combined phenols. Thus, synergism of n will not be expected. However, as shown in Fig. 3(b) , a higher n value than that estimated was observed in some combinations of phenols. This is the first finding recognized in this study. This strange obsevation is difficult to explain, but must be ascribed to the behavior of a less hindered phenol resembling a hindered phenol. Figure 3 shows that areas of synergism of kinh and n are different, and synergism for kinh is observed over more combinations of two phenols than synergism of n. Furthermore, synergism of kinh is mainly developed in combinations of BHA, 2-t-butyl-4-methoxyphenol, 4-methoxyphenol, and BHT, or combinations of BHT and other 4-methyl-substituted or unsubstituted phenols, whereas synergism of n value is observed only for a combination of two types of phenols with 4-methoxy substituents. Therefore, the synergism of n seems related to the presence of the 4-methoxy group.
Chlorobenzene used as solvent in this study has low polarity or is rather hydrophobic. On the other hand, phenols showing synergism of n value are rather hydrophilic, due to the hydroxyl and methoxy substituents. Therefore, the same inhibited-oxidation reaction was repeated in solvents with different polarity to investigate the effect of the hydrophilic nature of phenols.
Measurement of the antioxidant activity in acetophenone (polarity: 17.3) and benzonitrile (polarity: (Fig. 8) . The synergistic interaction observed in chlorobenzene with the lowest polarity or dielectric constant disappeared gradually with higher polarity or dielectric constant of a solvent. Acetophenone showed medium synergism, whereas benzonitrile showed no synergism. This finding implies that 2-t-butyl-4-methoxyphenol is dissolved in a monomolecular form in a polar solvent such as benzonitrile, and forms a molecular association in a lesspolarized solvent such as chlorobenzene. Consequently, the associated 2-t-butyl-4-methoxyphenol will behave like a hindered phenol and have some unusual synergism of n in chlorobenzene. This molecular association form remains unknown, but probably involves two phenoxy radicals which cannot couple with each other, for example, due to a stack of two or more phenols formed by interaction of hydrophilic groups including the 4-methoxy group. The probable mechanism of synergism of n of a combination of phenols containing 4-methoxyphenol is shown in Fig. 9 as an example. The 4-methoxyphenoxy radical exists as a monomer in hydrophilic benzonitrile, and easily approaches another phenoxy radical. As a result, the two phenoxy radicals can couple and the n value becomes the simple sum of the n values of the two phenols. On the other hand, hydrophilic phenols in a hydrophobic solvent will behave just as if they had bulky o-substituent(s) due to the molecular association, resulting in disturbance of the coupling of phenoxy radicals and a synergistic n value. This idea seems to explain the observation of synergism of n for a phenol with a 4-methoxy group, especially phenols with no o-substituent(s), such as 4-methoxyphenol Fig. 3(b) ).
Conclusion
In a combination of 2-t-butyl-4-methoxyphenol and BHT, the phenol with higher kinh, 2-t-butyl-p-methoxyphenol, first scavenges a peroxy radical to form the phenoxy radical (Fig. 6 ). The phenoxy radical will then accept a hydrogen atom from BHT with lower kinh. As a result, 2-t-butyl-4-methoxyphenol is regenerated, and again acts as a stronger antioxidant. Therefore, synergism of kinh can be observed in such a system, because 2-t-butyl-p-methoxyphenol is the leading peroxy radical scavenger as long as this phenol is regenerated.
In contrast, the synergism of n is controlled by the solvent polarity. Phenolic antioxidants, especially less or non-hindered and more polar phenols, easily form molecular associations in a hydrophobic solvent. As a result, the phenol can scavenge more peroxy radicals than expected, acting as a hindered phenol preventing the coupling of the phenoxy radicals. Thus, the synergism is observed in the terms of n value. Such phenolic antioxidants, however, behaves as the monomolecular form in a hydrophilic solvent such as benzonitrile. Consequently, no synergism is observed.
The conclusions obtained by this study are as follows: ・Strong synergism of phenols is shown by a combination of two types of phenolic antioxidants, with comparatively low and similar oxidation potentials. ・Synergism of kinh is observed over a wider combination than that of n. ・Interaction of phenols changes depending on the polarity or dielectric constant of a solvent. ・Synergism of n can be observed for less or nonhindered phenols with 4-methoxy substituent, which form intermolecular associations in a hydrophobic solvent. ・Total synergism of phenolic antioxidants seems remarkable in hydrophobic materials, for example, petroleum and polymer materials such as polyethylene and polypropylene. Combination of phenols with great synergism of both n and kinh was examined in sets of two types of phenols. Table 2 shows the optimum combinations of phenols together with the concentration ratios giving better synergism and the achieved synergistic ratios (observed antioxidant value to sum of antioxidant values shown by individual phenols). Better stabilization of polymer materials and petroleum will be achieved in the future by studying not only the synergism of the phenolic antioxidants, but also the effect of the reaction conditions.
